Settling of activated sludge particles has long been the key to successfully achieving secondary treatment. While soluble products can be converted to particulate components via microbial reactions in the activated sludge process, it is the subsequent removal of these particulate components that is the key to achieving ultimate water quality criteria. An understanding of the operating parameters for selecting good settling activated sludge particles was first documented in the 1970s and 1980s. An understanding of the growth pressures that can be imposed on filamentous organisms, and the impacts of selector zones in general, allowed the design and operation of activated sludge processes to routinely achieve good sludge settleability. More recently, research has identified what could be the next evolution in flocculant growth, with the growing interest in aerobic granular sludge. Aerobic granular sludge is purported to provide superior settling properties, and many of the growth pressures identified for aerobic granular sludge are also present in activated sludge systems. These enhanced settling sludge systems are gaining significant interest, but the factors leading to enhanced sludge settleability could be present in historical and existing systems. Three facilities were evaluated that exhibited enhanced settleability (i.e. sludge volume indices of less than 70 mL/g the majority of the time) to determine how these enhanced settling sludges compare to typical settling curves from the literature. The enhanced settling sludge facilities exhibit key differences related to surface overflow rate, return activated sludge (RAS) pumping requirements, and sensitivity to solids concentration that are critical for developing effective settling designs for enhanced settling sludge facilities. As more facilities aim to achieve enhanced settling sludge for intensification of infrastructure, it will be important to carefully consider historic settling curves and to develop site-specific settling criteria when possible.
INTRODUCTION
Development of a flocculated (as compared to flocculent), settleable biomass is an essential component of suspended growth biological treatment processes using gravity sedimentation for effluent clarification and biomass retention (Grady et al. ) . Consequently, factors affecting sludge settleability have been the subject of speculation, hypothesis development, and investigation since such processes were initially developed ( Jenkins & Wanner ) . Understanding of the factors affecting sludge settleability was largely empirical until the landmark work by Chudoba et al. (a, b, , ) ; Chudoba () introduced the concept of the selector and demonstrated that the configuration of the bioreactor could systematically control sludge settling characteristics. It was hypothesized that the environment created in the selector provided a competitive advantage for the faster-growing flocculent microorganisms compared to the slower-growing filamentous microorganisms, a hypothesis that has largely been verified since. Palm et al.  subsequently demonstrated that dissolved oxygen (DO) concentration influenced the competition between flocculent and filamentous microorganisms, depending on the process organic loading. At the same time, Eikelboom demonstrated that a variety of filamentous microorganisms could predominate in activated sludge systems, depending on bioreactor configuration and the specific operating conditions Eikelboom () . Filamentous microorganism types are determined using the methodology developed by Eikelboom () based on their morphology and reaction to standard stains. Since different filament types are known to grow preferentially under specific conditions, the type of filament present indicates the specific conditions allowing them to predominate, thereby providing further clues to the operating conditions that must be changed to allow the more desirable flocculent microorganisms to predominate. The combination of increased knowledge of and experience with selectors, coupled with the microscopic examination procedure of Eikelboom, as refined by Jenkins and colleagues ( Jenkins et al. ) , has formed the basis for a robust and now widely used approach for controlling activated sludge settling characteristics through both bioreactor configuration and process operating conditions. Activated sludge flocs are complex assemblages consisting of a mixture of flocculent and filamentous microorganisms incorporated into a matrix of exo-cellular polymeric substance (EPS), consisting primarily of carbohydrates and proteins. Floc formation and shear occurs in the bioreactor, based on the turbulence regime there and the characteristics of the sludge. Flocculation continues during activated sludge settling, where classical Type II (flocculent) and Type III (zone) settling occurs. Flocculation and zone settling characteristics can be measured, and zone settling characteristics can be reasonably predicted based on the sludge volume index (SVI) of the sludge (Daigger & Roper ; Daigger ; Ozinsky & Ekama ; Wahlberg & Keinath ) . The performance of full-scale liquid-solids separation systems, including conventional secondary clarifiers, can be accurately characterized based on this conceptual model, and these relationships, using computational fluid dynamic (CFD) modeling (McCorquodale et al. ; Xanthos et al. ) . Consequently, a well-established methodology exists to both control activated sludge settling characteristics and translate these into the design of fullscale wastewater treatment systems.
The concept of granular, as compared to flocculent, activated sludge has arisen more recently, and promises superior sludge settling and thickening characteristics (de Kreuk & van Loosdrecht ). Granular sludge is thought to deviate from flocculent sludge in that large, dense aggregates are formed with superior settling and thickening characteristics compared to those produced in conventional activated sludge systems (Morgenroth et al. ) . The promise of faster settling and the maintenance of elevated bioreactor biomass concentrations, leading to smaller treatment systems, has created significant interest in further understanding the factors that can lead to their development of granular sludge (de Kreuk & van Loosdrecht ). The most commercially successful granular sludge systems operate in a sequencing batch reactor (SBR) mode (Bathe et al. ) , but interest exists in the potential to develop granular sludge in continuous flow systems. The main factors leading to the selection of a granular sludge have been identified as anaerobic feeding period, settling time (ts), discharge time (td), and volume exchange ratio (Vex) (Liu 2008) in SBR systems, and the selective retention of granules in some systems. Conceptually, these driving forces for granules strongly overlap the plug flow and selector zone drivers for flocculent activated sludge discussed previously. Based on past literature, it could be argued that aerobic granular sludge is the natural evolution of the understanding floc formation, with granules essentially being the ideal activated sludge floc.
With the idea that aerobic granular sludge is the natural progression of our understanding of floc formation, it is quite possible that systems with the characteristics of granular sludge, or at least with consistently superior settling characteristics, have existed or currently exist but have not been recognized as granules. This paper presents the results from three recently identified examples of activated sludge systems that consistently produce sludges with excellent settling and thickening characteristics, analogous to granular sludges. These three systems also produce effluents with low effluent total suspended solids (TSS) concentrations. These experiences are subsequently interpreted in the context of a historical and contemporary understanding of the control of activated sludge settling characteristics, and are further used to suggest how this can lead to the development of continuous flow systems with superior sludge settling characteristics. Table 1 summarizes the bioreactor configuration, operating conditions, effluent quality, and observed sludge characteristics for three full-scale activated sludge systems exhibiting unusual sludge settling characteristics. The City of Akron, OH, USA Water Reclamation Facility (WRF) is a conventional primary and secondary treatment facility with a firm preliminary treatment capacity of 795,000 m 3 /day, firm primary treatment capacity of 568,000 m 3 /day, and firm biological treatment capacity of 416,000 m 3 /day. The existing activated sludge system consists of six parallel trains with quite similar configurations. Each consists of a four-pass bioreactor, each pass with a length-to-width ratio of 9.7:1, followed by three 30.5 m diameter secondary clarifiers. In addition to effluent TSS and 5 day carbonaceous biochemical oxygen demand (cBOD 5 ) limits more stringent than conventional secondary treatment (monthly average values of 15 and 10 mg/L, respectively), the plant also has limits for total phosphorus (TP, 1 mg P/L monthly average) and seasonal limits for ammonia-nitrogen (ranging from 1.5 to 7.5 mg N/L monthly average). Effluent TP limits are generally met without chemical addition, even though no formal initial anaerobic zone is provided (DO concentrations in the initial bioreactor pass are generally much less than 0.2 mg/L), suggesting that biological phosphorus removal occurs. Sludge settling characteristics are consistently good, as evidenced by SVI values generally in the 60-80 mL/g range. The settled volume after 5 min of settling in the 1 L graduated cylinder used to measure SVI (referred to as SV 5 ) was generally equal to the settled volume after 30 min of settling per the standard SVI test (referred to as SV 30 ). Note that an SV 5 value approximately equal to SV 30 has historically been observed with excellent settling activated sludge. SV 5 approximately equal to SV 30 has more recently been one of the metrics used to indicate the development of a granular sludge (de Kreuk & van Loosdrecht ).
MATERIALS AND METHODS

Full-scale facilities
The Trinity River Authority (TRA) Central Regional Wastewater System (CRWS) is a 620,000 m 3 /day conventional primary and activated sludge facility located outside Dallas, Texas, USA. The activated sludge bioreactors have a length-to-width ratio of 3:1 and are operating to consistently achieve complete nitrification. The mixed liquor suspended solids (MLSS) concentration is generally around 4,500 mg/L, and significant simultaneous biological nutrient removal (SBNR, nitrogen and phosphorus) is consistently observed (Downing et al. ) . Summary observations concerning sludge settleabilty are summarized in Table 1 . An assessment of sludge characteristics over the period 2012-2016 concluded that the sludge routinely exhibited the characteristics of granular sludge (Downing et al. ) . Moreover, when operation was altered from the conventional mode routinely used with feed only to the bioreactor inlet to one where approximately 30% of the influent wastewater was fed 60% down the length of the bioreactor, the proportion of larger 'granular' sludge flocs was reduced significantly. Granular floc particles subsequently reappeared when the full flow was returned to the bioreactor influent.
The Ft. Wayne, IN, USA treatment facility is a 378,000 m 3 /day conventional primary and activated sludge facility located in Fort Wayne, Indiana, USA. The activated sludge bioreactors have a length-to-width ratio of 20:1, with an aerated selector zone located at the influent end of the bioreactor. The facility operates at an MLSS concentration between 3,000 and 3,500 mg/L. From an organic loading standpoint, the bioreactors are operated 
Bioreactor configuration
Four tanks-in-series, each with 9.7:1 length-to-width ratio, giving total lengthto-width ratio of 38.8:1
Length-to-width ratio of 3:1 Length-to-width ratio of 20:1 with aerobic selector Process operation SRT generally 10 days þ, with uniform aeration in each pass and non-detectable DO in first pass.
Single-stage nitrification and substantial simultaneous BNR; SRT generally 10 days Single-stage nitrification; SRT generally 10 days Effluent quality Fully nitrified and bio-P apparent Fully nitrified and bio-P apparent Fully nitrified with partial bio-P observed Sludge settling characteristics SVI routinely 60-80 mL/g and SV 5 -SV 30 SVI routinely 60-80 mL/g, SV 5 -SV 30 , and floc size generally 350-700 μm SVI routinely between 70 and 80 ML/g; SVI 5 -SVI 30 Apparent F/M in first bioreactor zone (kg rbCOD/kg TSS-day)
Not quantified, but likely quite high due to apparent high plug flow character and lack of measurable DO in first tank in series
at a relatively steep food-to-microorganisms (F/M) gradient, with the majority of soluble carbon being consumed in the selector zone and the first 15% of the aerobic bioreactor. General sludge settleability characteristics are summarized in Table 1 . The distinction between large and dense flocs and granules is not precise, and clearly accepted definitions are not available. The definition of a granular sludge by de Kreuk & van Loosdrecht () provides some guidance:
1. Aggregate of microbial origin, with defined structure and microbial distribution 2. No coagulation under reduced hydrodynamic shear 3. Settle significantly faster than activated sludge, with minimal difference between the SVI 10 and SVI 30 4. Have a minimum mean size of 0.2 mm.
The three facilities summarized in Table 1 all present characteristics consistent with what has previously been defined as an aerobic granule. With this in mind, comparison of the settling properties for these three facilities to historic settling data can give insight into the hypothesis that granules have existed, but been undocumented, in previous systems.
Zone settling velocity measurements
Zone settling velocity (ZSV) measurements were conducted in 1 m tall, 10 cm diameter clear PVC columns equipped with a 1 revolution per minute (rpm) stirrer. The height of the sludge/water interface was measured visually by comparison to a metric ruler (recorded to units of 0.1 cm) with time. The resulting sludge/water interface height was plotted as a function of time, the linear portion determined visually (generally representing several minutes on the time scale), and linear regression over the relevant regions was used to determine the ZSV. Various mixtures of return activated sludge (RAS) and secondary effluent (SE) were prepared to produce a range of initial MLSS concentrations which were then added to the column for ZSV measurement. The results were plotted as the ZSV for each initial MLSS concentration on semi-log paper and fitted to the Vesilind equation (Vesilind ):
via linear regression to characterize the settling characteristics of the subject sludge.
RESULTS AND DISCUSSION
Zone settling velocity results Fewer measurements were made at the TRA facility using the method described above, but subsequent measurements conducted through August 2016 using a smaller cylinder with no mixing produced similar ZSV results. Only the data collected using the procedure described above were used in the analyses to follow. One run was conducted at the Ft. Wayne facility. The individual data points are presented graphically in Figure 1 , along with lines of best fit to the Vesilind relationship (Equation (1)) for the Akron and TRA datasets. Vesilind settling parameters were determined for the pooled results for each facility and are presented for each facility in Table 2 . Differences are observed in the settling characteristics between those for the Akron facility in comparison to those for the TRA and Ft. Wayne facilities, while the TRA and Ft. Wayne facilities demonstrate nearly identical settling characteristics (Figure 1) . ZSV values overlap for all three facilities for lower MLSS concentrations (less than 5 g/L), while higher ZSVs are maintained for the Akron facility at higher MLSS concentrations. The differences result in different Vesilind parameters for the Akron sludge in comparison to the TRA and Ft. Wayne sludges (Table 2) .
A question which arises is 'how do these results compare to "typical" good settling activated sludges?'. This question was addressed by reference to the literature. As summarized in Table 3 , a number of correlations between various sludge settling parameters (conventional SVI; diluted SVI, DSVI); and stirred SVI at 3.5 g.L, SSVI 3.5 ) have been developed. Of these, two (Daigger ; Ozinsky & Ekama ) incorporated the data from many of the other analyses summarized in Table 3 and are used here for comparison. The original data for the best settling sludges from the Daigger & Roper () database, as summarized in their Figure 2 and Table 4 , were also used to represent actual data as compared to data correlations. Although they used essentially the same database, Daigger () and Ozinsky & Ekama () approached analysis of the data in two different ways. Daigger pooled the entire dataset and analyzed it statistically to determine the relationship which best fits the entire dataset (an approach followed and recommended by Wahlberg & Keinath ()). As indicated by the result presented in Table 3 , Daigger found that V 0 did not vary significantly when the analysis was performed in this manner, but that k varied linearly with SVI (correlations with DSVI and SSVI 3.5 were also presented, but the database for these correlations was much sparser). In contrast, Ozinsky and Ekama did not pool the individual ZSV data but analyzed the Vesilind parameters (V 0 and k) determined for each set of ZSV measurements to determine how these parameter values vary with the measured sludge settling indices. While they hypothesized (and found) that the specific relationship between the sludge settling index and the Vesilind parameters did vary somewhat, they were also interested in developing an overall relationship for the entire database. Using this alternate data analysis approach they found that V 0 and k both varied with the sludge settling index. In spite of the use of somewhat different analysis methodologies, and arriving at apparently different analytical expressions, Daigger () and Ozinsky & Ekama () predict quite similar ZSV versus MLSS concentration relationships over a relevant range of MLSS concentrations (1-20 g/L)data not shown. The values predicted by these two relationships also compare quite well with the Figure 1 are compared to that predicted by the Daigger () relationship for comparable SVI's (60-80 mL/g) in Figure 2 . The results are of the same order of magnitude, but with some differences. The slope of the zone settling versus initial MLSS concentration relationship predicted by the Daigger () relationship is similar for the Akron data, but differs for the TRA and Ft. Wayne data. The zone settling velocities predicted by the Daigger () relationship are consistently lower than those observed for the Akron data but are within the range of those for the TRA and Ft. Wayne data for initial MLSS concentrations greater than about 2 g/L. Another question which arises is 'do these differences in sludge settling characteristics impact the design and operation of full-scale facilities?'. This question can be addressed by developing and comparing state point diagrams. The result is provided in Figure 3 where state point curves for the Akron, TRA, and Ft. Wayne sludges based on the Vesilind parameters presented in Table 2 and as predicted by the Daigger () relationship for sludges with SVI values of 60 and 80 mL/g are presented.
The shape of the flux curve for the Akron sludge is similar to that based on the Daigger () predictions, but is much higher. These results suggest that a higher solids loading rate could be achieved with the Akron sludge than would be suggested by the Daigger () relationship, and that a higher RAS concentration could be achieved. The hydrodynamic flow conditions created in the relatively shallow circular clarifiers at the Akron WRP prevents achievement of the potential solids loading potential in the full-scale facility (Daigger et al. ), but quite high thickened sludge concentrations are, indeed, routinely observed.
The TRA and Ft. Wayne curves are quite similar and differ significantly from both the Akron curve and that predicted by the Daigger () relationship. Similarity between the TRA and Ft. Wayne curves is not surprising when the overlap of the ZSV data is considered (see Figures 1 and  2) , but might be viewed as surprising when the V 0 values presented in Table 2 are compared. Obviously the slight difference in k values compensated sufficiently for the different values of V 0 to result in similar flux curves. Comparison to the Akron curve and those based on the Daigger () relationship suggest that, although a relatively high solids loading rate could be achieved, the thickened sludge concentration would be relatively low. In fact, actual experience at TRA suggested that the system was thickening limited during peak influent flow events. While the Daigger () relationship predicts that the secondary clarifiers should have sufficient capacity, rolling blankets are often observed at high influent flow rates.
These data can be further analyzed to determine the maximum solids loading rate (SLR max ) achievable with each sludge, along with the corresponding underflow suspended solids concentration (X U ). Values of SLR max and X u were determined using the relationships developed by Baskin & Suidan () for an underflow rate corresponding to the maximum allowable underflow rate (UOR Max ), which occurs at the point of inflection of the solids flux/MLSS concentration relationship. The results are summarized in Table 4 . As suggested by the shape and position of the flux curve for the Akron sludge (Figure 3) , both the maximum solids loading rate and the corresponding underflow concentration are significantly higher than those predicted by the Daigger () relationship for sludges with SVI values of 60 and 80 mL/g. A modestly higher underflow rate at the inflection point is also calculated for the Akron sludge. Higher underflow rates are calculated for the TRA and Ft. Wayne sludges, as expected for the shapes of the flux curves (Figure 3) , along with similar underflow concentrations. The underflow rate for the Ft. Wayne sludge is significantly higher than any other, including the TRA sludge, leading to a higher maximum solids loading rate. The differences in maximum solids loading rates do not necessarily correspond to higher allowable bioreactor MLSS concentrations as the values of UOR also vary. The maximum bioreactor MLSS concentration is limited either by sludge thickening or clarification. The maximum bioreactor MLSS concentration can be calculated directly from the definition of the solids loading rate, as follows:
where MLSS Max,THK is the maximum allowable bioreactor MLSS concentration based on thickening and SOR is the secondary clarifier surface overflow rate. The maximum allowable bioreactor MLSS concentration based on clarification, MLSS Max,CLAR is calculated using Equation (1), equating V i with the SOR. This was done for the three sludges and as predicted by the Daigger () relationship for sludges with SVI values of 60 and 80 mL/g, and the results are presented in Figure 4 . The results indicate that higher bioreactor MLSS concentrations can be maintained for the Akron sludge. Comparing the TRA and Ft. Wayne sludges, quite similar MLSS concentrations could be sustained, in spite of the substantially higher maximum solids loading rate for the Ft. Wayne sludge, due to the much higher maximum underflow rate required to achieve this solids loading rate. While an odd computational result, it is perhaps not surprising when the flux curves for the two (Figure 3 ) are compared. Comparing the results for the TRA and Ft. Wayne sludges with the results predicted by the Daigger () relationship for sludges with SVI values of 60 and 80 mL/g, higher allowable bioreactor MLSS concentrations are predicted based on the Daigger () relationship at SOR values less than about 50 m/day. This analysis is not intended to suggest that activated sludge systems should be designed based on these solids loading rates and corresponding bioreactor MLSS concentrations. Variations in sludge settling characteristics (consider the Akron data in Figure 1 where a relationship representing the lower bound of the data may be more appropriate for design purposes) and secondary clarifier hydraulic efficiency must be considered. This analysis does provide a relative comparison of the settling characteristics of the sludges from the three plants and the implications for system design. They do indicate that sludges with apparently the same characteristics, as indicated by the traditional parameter of SVI and the evolving parameter of the relationship of SV 5 to SV 30 , in fact, result in different implications relative to system design and operation when the complete relationship between ZSV and MLSS concentration is considered. For a given size of secondary clarifier, the specific settling characteristics can affect the allowable maximum bioreactor MLSS concentration, the required RAS flow rate, and the thickened sludge solids concentration. These results also indicate the importance of evaluating the ZSV over the entire range of MLSS concentrations relevant to design, ranging from the concentration in the bioreactor to that of the RAS, or the settled sludge if a batch reactor process is used. The results also demonstrate that sludges may exhibit superior settling and thickening properties (for example, like the Akron sludge), while others may exhibit superior settling characteristics (high ZSV) at lower MLSS concentrations but relatively poorer thickening characteristics (for example, like the TRA and Ft. Wayne sludges).
A comment may also be offered concerning the purpose and use of relationships between sludge settling indices such as SVI, DSVI, and SSVI 3.5 and sludge ZSV/MLSS concentration relationships, such as those of Daigger () and Ozinsky & Ekama () . These relationships were developed more than two decades ago when the principal issue was avoiding 'bulking' sludge, generally defined as a sludge with an SVI greater than 150 mL/g. The database upon which they were developed included a wide range of sludge types, ranging from those with excellent zone settling properties (SVI values well under 100 mL/g) to those with quite poor zone settling properties (300 mL/g or more). These relationships are still useful to characterize the impacts on system design and operation of sludges representing this range of zone settling characteristics. Moreover, design around these more conservative settling parameters provides the often necessary safety factor when designing a facility with unknown settling parameters. With the development of granular sludge systems the focus has turned, at least partially, to optimizing the characteristics of sludges with excellent zone settling characteristics. The results presented above illustrate that the SVI (or other similar sludge settling indices) are insufficient to distinguish important differences between sludges with excellent zone settling characteristics. In fact, Ozinsky & Ekama () point out that relationships of this type do not fully reflect variations in zone settling characteristics for specific types of activated sludge systems. As aerobic granular sludge systems and enhanced settling sludge systems become more commonly applied in the industry, it will be important to begin to develop a new database of settling characteristics for their design and implementation. The results above suggest that this will include fully characterizing the zone settling velocityinitial MLSS concentration relationship over the entire MLSS concentration range (including the settled sludge and RAS) relevant to particular applications.
Factors leading to excellent sludge settling characteristics
We return now to the topic of factors which lead to the production of an activated sludge with consistently excellent sludge settling characteristics. To facilitate this discussion, Table 5 provides a comparison of the conditions generally observed to lead to superior settling and thickening characteristics for flocculent and granular sludge, and measures of their characteristics. Common conditions include the provision of substrate gradients through the bioreactor, either through a plug flow bioreactor configuration for continuous flow systems or batch operation with rapid filling for periodic systems, and either no DO through no aeration or low DO through minimal aeration in the initial contact zone. Flocculent systems designed to produce superior settling sludge will incorporate an aerobic, anoxic, or anaerobic selector (initial contact zone), with non-aerated (anoxic or anaerobic) zones being the most common based on current practice. The concepts of kinetic (substrate gradients leading to variations in microorganism specific growth rate and substrate storage) and metabolic (aerobic, anoxic, and anaerobic environments, resulting in different types of biochemical conversions) selection are used to size the selector. Experience indicates, furthermore, that the configuration of the bioreactor downstream of the initial contact zone can significantly affect sludge settling characteristics, with a plug flow configuration leading to superior settling characteristics. Directly analogous conditions are created in SBR systems intended to produce a granular sludge. Feeding occurs under non-aerated conditions, followed by batch operation when aeration is initiated. Granular sludge systems are explicitly intended to create conditions where biological phosphorus removal occurs, as readily biodegradable organic matter is taken up and stored during non-aerated feeding. Molecular analysis demonstrates that phosphorus accumulating organisms (PAOs) in such systems reside in the interior of the sludge granules, with nitrifiers residing in the outer region (Henze et al. ) . Under aerobic conditions the nitrate produced through nitrification diffuses into the inner portion of the granule, leading to denitrification by the PAOs. Such precise control of stratification of the Additional selective pressures are applied in granular sludge systems. The settling time is limited so that dense, granular sludge is retained in the system while less dense, flocculent sludge is washed out of the system into the effluent. Likewise, sludge wasting is from the upper portion of the settled sludge bed where the less dense and more flocculent sludge particles would reside. These features are generally not present in continuous flow systems where flocculent sludge predominates.
Comparison of the bioreactor configurations and operating conditions for the three examples demonstrating unusual sludge settling characteristics indicates similarities and differences. All three plants operate with moderately long SRTs, are nitrifying, and accomplish biological nutrient removal (nitrogen and phosphorus). The Akron and Ft. Wayne bioreactors both have unusually high length-to-width ratios, approaching or exceeding 20:1. It is interesting that in the survey of full-scale activated sludge facilities in the UK by Tomlinson & Chambers () the hydraulic flow pattern for the bioreactors for three of the plants with the most superior settling characteristics was characterized by 30 or more equivalent tanks-in-series based on dye testing (figure also reproduced in Grady et al. ) . It was this dataset that was initially used to develop the F/M criteria used to size selectors to achieve kinetic selection ( Jenkins et al. ; Grady et al. ) . In contrast, the length-to-width ratio of the TRA bioreactors is modest, although step feeding, which would reduce the effective plug flow characteristics of the bioreactor, was observed to reduce the proportion of larger 'granular' sludge flocs, as discussed above. The facility does accomplish SBNR, and operates at a relatively high selector zone F/M loading rate of 0.2-0.4 g rbCOD/g VSS (readily biodegradable COD per gram of volatile suspended solids). Thus, each of the three facilities evaluated possesses at least some of the features generally attributed to systems producing good settling flocculent and granular sludges. It is unknown whether specific wastewater characteristics contribute to the good sludge zone settling characteristics exhibited at these three facilities.
CONCLUSIONS
Good settling sludge has long been a goal for the activated sludge process. Recent advances in aerobic granular sludge have re-invigorated the discussion on producing good settling activated sludge particles. Based on the three facilities discussed in this paper, the following key considerations should be included for facilities designing for enhanced settling in flow through activated sludge systems:
• The original hypothesis, that full-scale systems exist exhibiting consistently superior activated sludge settling characteristics, was verified in these three facilities. This may suggest that additional facilities with low SVI values exhibiting solids flux curves similar to enhanced settling activated sludge may exist.
• Each facility exhibits at least some of the design and operating characteristics generally attributed to systems producing good settling flocculent and aerobic granular sludges, although the specific features vary from plant to plant. Factors related to both the reactor configuration in terms of length-to-width ratio and feeding conditions related to the F/M ratio exist to some extent at all three of these facilities that exhibit enhanced settling characteristics.
• Even though all three plants exhibit general sludge characteristics attributed to good settling sludges (SVI values routinely 60-80 mL/g and SV 5 generally equal to SV 30 ), their specific ZSV/MLSS relationships differ, with significant implications on system design characteristics such as the allowable maximum bioreactor MLSS concentration, required RAS flow, and underflow suspended solids concentration. These results demonstrate the importance of measuring the ZSV over the entire range of MLSS concentrations relevant to process design and operation, from the bioreactor MLSS concentration to the RAS.
• For two of the three facilities, enhanced settling was accompanied by a lack of thickening of solids, leading to the need for relatively high RAS flow rates. This lack of compression is consistent with aerobic granular sludge systems. The two facilities that exhibited a lack of compression have formal influent selector zones with relatively high F/M loading conditions. This may be an indication of more formal aerobic granulation at Ft. Wayne and TRA, while Akron could be representative of an enhanced settling flocculant biomass.
• These results further suggest that the identification and detailed investigations of further existing facilities consistently exhibiting excellent sludge settling characteristics may be beneficial in identifying those factors leading to good settling sludges. This can help to identify better design guidelines in terms of Vesilind settling parameters to implement for designs related to enhanced settling facilities.
• For current design of enhanced settling facilities, it would be prudent to evaluate several of the flux curves summarized in Table 3 for low SVI values to develop a design envelope for secondary clarifier surface area and RAS pumping requirements. As more industry knowledge is gathered, these low SVI curves can be further refined, but utilizing the range of curves will provide a lowerrisk design for facilities attempting to select for enhanced settling sludge.
